This article reports a gender replication study of the P. T. Fox et al. (2000) performance correlation analysis of neural systems that distinguish between normal and stuttered speech in adult males. Positron-emission tomographic (PET) images of cerebral blood flow (CBF) were correlated with speech behavior scores obtained during PET imaging for 10 dextral female stuttering speakers and 10 dextral, age-and sex-matched normally fluent controls. Gender comparisons were made between the total number of voxels per region significantly correlated with speech performance (as in P. T. Fox et al., 2000) plus total voxels per region that were significantly correlated with stutter rate and not with syllable rate.
. In addition, less-than-normal activations, even inhibitions (decreases in brain blood flow relative to control conditions), in extra-primary auditory areas have been observed (Braun et al., 1997; . These latter findings are consistent with stuttering theories that have emphasized dysfunctional auditory processing (e.g., Stromsta, 1986; Yates, 1963) . Both theoretic positions gained support from a recent performance correlation study that showed stuttering frequency in adult male dextral stuttering speakers was correlated with cerebral blood flow (CBF) increases in speech-motor regions and decreases in auditory regions. These neurophysiology studies have now been complemented by reports of neuroanatomic abnormalities in left hemisphere speechmotor regions of mixed-gender groups of adult stuttering speakers (Foundas, Bollich, Corey, Hurley, & Heilman, 2001; Sommer, Koch, Paulus, Weiller, & Büchel, 2002) , highlighting a possible source(s) for the abnormal CBF findings.
Many studies point to the importance of studying women who stutter separately from men in brain imaging research. The neurophysiologic evidence that men's and women's brains generally differ in processing speech-related tasks is beginning to emerge as a taskspecific phenomenon, although these differences may also have structural foundations. Initial functional MRI (fMRI) studies showing that women display greater bilaterality (vs. left lateralization for men) and less activation in inferior frontal gyrus during phonologic processing (Pugh et al., 1996; Shaywitz et al., 1995) have not been completely replicated (see Buckner, Raichle, & Petersen, 1995; Xiong, Rao, Jerabek, Woldorff, & Fox, 2000) . Similar mixed findings have been obtained from fMRI studies during listening tasks: Frost et al. (1999) found no gender differences during a semantic monitoring task, but others (Kansaku, Yamaura, & Kitazawa, 2000; Phillips, Lowe, Lurito, Dzemidzic, & Mathews 2001) have reported that women show greater bilateral temporal lobe activations while listening to oral reading. The focus on possible gender differences in neurophysiologic studies is also justified by morphometric studies (e.g., McGlone, 1980; Witelson & Kigar, 1992 ). An autopsy study (Harasty, Double, Halliday, Kril, & McRitchie, 1997) found that the language-important planum temporale and Broca's regions were, respectively, 30% and 20% larger in women than in men. And, in an extensive morphological study of 465 adult brains, Good et al. (2001) concluded that there were substantial gender-based differences in gray matter volume and concentration.
Gender differences are an important characteristic of developmental stuttering. Current theories of stuttering must ultimately account for the fact that the disorder occurs more frequently among males, typically 2:1-3:1 (Bloodstein, 1995) . There is also a much higher probability that the progeny of females who stutter, by comparison with male stuttering speakers' progeny, will have the disorder (Kidd, Heimbuch, & Records, 1981) . However, there is a remarkable paucity of research on stuttering in females, and no neurophysiological research on gender differences. Neural processing studies have not found gender differences on bimanual handwriting (Webster, 1988) , central auditory processing (Nuck, Blood, & Blood, 1987) , or dichotic listening (Blood & Blood, 1989) tasks. But these studies neither addressed speech or language processing nor involved neurophysiologic analyses. Functional imaging studies of stuttering in women are important in order to determine if the neural regions previously found to be related to stuttering in men are gender specific or are replicated across genders (and, hence, independent of speech processing differences between females and males).
Within-subject conditional contrasts, despite being widely used in neuroimaging studies-including most PET studies on stuttering-do not always constitute a strong experimental strategy. Conditional contrasts rely on the assumption that behavioral/cognitive task components present in different conditions will be subserved by activation of the same brain areas and to the same degree in both conditions. Thus, it is assumed that subtracting one condition from the other will remove the common activations, leaving those functionally related to the test task to be the product of the subtraction in the conditional contrast. The assumption that a single or "pure insertion" (Boring, 1950 ) test task will separate the conditions has been challenged on theoretic (Petersen, van Mier, Fiez, & Raichle, 1998) and empirical (Sidtis, Strother, Anderson, & Rottenberg, 1999) grounds. Further, conditional contrasts assume the phenomenon of interest (e.g., stuttering) can be isolated to one condition. Although the symptoms of many neurologic and psychiatric disorders can be iatrogenically modulated, they are rarely isolated. Thus, an experimental strategy applicable when the behavior of interest is not entirely under the experimenter's control is desirable.
An alternative strategy, first introduced by Silbersweig et al. (1995) , is known as performance correlation analysis. This strategy utilizes the principle that the intensity of brain activations is correlated with the frequency with which the neural elements are used during imaging tasks (e.g., Fox & Raichle, 1984 . It has been used to study hallucination rates in schizophrenic patients (Silbersweig et al., 1995) , speech perception after a cochlear implant (Fujiki et al., 1999) , and tic frequency in patients with Tourette's syndrome (Stern et al., 2000) . Braun et al. (1997) reported the first performance correlation strategy in a stuttering CBF study. Using a "weighted dysfluency score" to compute voxel-wise correlations, they found positive correlations in several left hemisphere motor regions and negative correlations within bilateral auditory association (A2) areas. separately measured stuttering and speech rate in order to identify the extent of regional dissociation between stuttering and syllable rate among adult male stuttering speakers and in relation to the controls' syllable rate during the study. In general, both groups' syllable rates showed positive correlations in similar regions, though more extensively in cerebellum for the stuttering speakers. The main difference between stutter-and syllable-rate correlations was that the regions where activations were positively correlated with stutter rate were more right-lateralized, particularly in the speech-motor regions, and only stutter rate produced negatively correlated areas within right (R) A2. Another feature of the Fox et al. (2000) study was the proposed classification of the voxel correlates into state, trait, and compensatory effects that are reflected in syllable and/or stutter rates during the imaging conditions.
The present study replicates the Fox et al. (2000) procedure by comparing adult female stuttering speakers and normally fluent controls with previously studied male counterparts so as to (a) identify regions functionally related to stuttering across genders, and (b) determine the extent to which the regional effects associated with stuttering are gender specific. Comparisons are also made with a state-trait-compensatory effect classification proposed by Fox et al.
Method Participants
Ten right-handed females with a history of developmental stuttering (mean age = 44 years; stuttering severity ratings [Lewis & Sherman, 1951] : mild = 3, moderate = 3, severe = 4]) formed the stuttering group. All were pretested to ascertain responsivity to chorus reading (Ingham & Packman, 1979) . Neither the female nor male participants who stutter had received therapy in the past 5 years. Only persons who produced zero stuttering during pretesting with chorus reading were participants. Ten right-handed normally fluent women formed the control group (mean age = 42 years). For comparison, the data from 10 right-handed males who stutter (mean age = 32 years) and their matched controls (mean age = 32 years) were obtained from those reported in Fox et al. ( , 2000 . The female and male groups participated in identical experiments. Informed consent was obtained from all participants in accordance with the Declaration of Helsinki and under the auspices of the Institutional Review Boards of the University of Texas Health Science Center at San Antonio and the University of California, Santa Barbara.
PET Imaging Tasks
The tasks were identical to those described in Fox et al. ( , 2000 . Each participant received nine PET scans: three trials in each of three conditions in a counterbalanced order. The conditions were as follows: oral paragraph reading of a text passage (Solo), oral paragraph reading while accompanied by an audio recording of the same passage being read by a fluent speaker (Chorus), and eyes-closed rest (Rest). The passage for reading (Abbey, 1975) was presented on a video monitor suspended above the participant, approximately 14 in. from the eyes. For Chorus, the recorded passage was presented via an earphone inserted in the participant's left ear. To counter adaptation effects (Van Riper & Hull, 1955) , the 10-min intervals between scans were occupied with casual conversation. For each task, reading was started at the moment of tracer injection, continued while the tracer circulated to the brain (~10 s), and was stopped 40 s after image acquisition was triggered by the arrival of the tracer bolus in the brain (see below).
Speech Measurements
As in Fox et al. ( , 2000 , speech performance data were derived from audiovisual recordings obtained during the 40-s PET scanning periods. Stuttering rate was computed as the number of 4-s intervals judged to contain stuttering (Ingham, Cordes, & Gow, 1993) , with a maximum possible score of 10 in a 40-s scanning epoch. Syllable production rate was computed as the total number of syllables spoken in the 40-s scanning period, counting each repeated syllable in a stutter so as to fully reflect speech-motor behavior. Speech naturalness was rated on a 9-point scale (Martin, Haroldson, & Triden, 1984) . Data were collected using the Stuttering Measurement System program (Ingham, Bakker, Kilgo, & Moglia, 1999) . To establish measurement reliability, a randomly selected sample of recordings (6 stuttering speakers and 4 controls) was scored independently by an experimenter (the third author) and a trained judge who was blind to task conditions and group. Measurement agreement was satisfactory. A Pearson r correlation between syllable counts for the two judges was .99 (p < .001). The judges' mean syllable counts were not significantly different (118.0 vs. 117.0; p > .1, paired t test). A .99 (p < .001) correlation was also obtained between the judges' stuttered interval (SI) counts on the stuttering speakers' samples. The judges' mean SI counts were also not significantly different on a paired t test (3.74 vs. 3.60; p > .1). The judges each provided 60 speech naturalness scores, and 59 were within ±1 scale unit.
Both judges agreed that no stuttering occurred on any of the controls' recordings.
Measurement reliability data for the male groups' SIs, syllable counts, and speech naturalness ratings were reported in Fox et al. (2000) . They were similar to those reported for the females.
Image Acquisition and Analysis
The H 2
15
O PET imaging and analysis procedures were identical to those reported in Fox et al. (2000) . An anatomical MRI was acquired for each participant and used to optimize spatial normalization. PET and MR images for each participant were spatially normalized relative to the Talairach and Tournoux (1988) brain atlas using software devised by Lancaster et al. (1995) . Brain dimensions obtained from the MR image were applied to both the MR and PET images, which were then transformed into 3-D, spatially normalized images using 2 × 2 × 2 mm voxels.
Three r-value, statistical parametric images (SPI{r}) were computed as voxel-wise correlations with each of three speech performance measures: (a) correlation with stuttering rate in the stuttering groups, (b) correlation with syllable production rate in the stuttering groups, and (c) correlation with syllable production rate in the nonstuttering groups. Thus, correlations were calculated between CBF (in every voxel per condition) and each of the three speech measures. The calculation of these three performance correlations permits the identification of neural correlates that are specifically associated with stuttering or with syllable production in both gender groups. Syllable rate measures the rate of articulatory movement as distinguished from movement associated with stuttering and essentially measures nonstuttered speech. For each SPI{r}(syllable-rate correlates and stutter-rate correlates), PET images from all three test conditions (Rest, Solo, Chorus) were included. The inclusion of conditions in which stuttering is absent (Rest and Chorus) increased the overall power of the correlations by ensuring that the stutter-related correlations would be independent of those that might occur in the absence of stuttering. This correlation analysis was identical to that used in Fox et al. (2000) , as were all procedures used for normalizing images and identifying locations. P values were assigned from the image z distributions. Only positive and negative r values at or greater than .30 (p < .001) and forming contiguous clusters of 15 or more voxels are reported (Xiong, Gao, Lancaster, & Fox, 1995) .
It should be noted that for these analyses, voxel clusters that were correlated with stutter rate could also be correlated with syllable rate. Therefore, an additional logical contrast analysis (not performed in Fox et al., 2000) was conducted using images derived from the stutter-rate correlates and from the syllable-rate correlates for both sexes so as to identify voxel clusters significantly correlated with stutter rate and not with syllable rate. As an additional insurance that these clusters were unique to stutter rate, the selected clusters of voxels identified as exclusively related to stutter rate were those that were outside a 5 3 voxel area surrounding any voxel that was significantly correlated with syllable rate.
Anatomical labels and Brodmann area (BA) designations were applied automatically, using a 3-D, electronic brain atlas (the Talairach Daemon™; Lancaster et al., 1997) and subsequently checked by hand. Fiftyfour regions or structures (27 in each hemisphere) accounted for all performance-correlated voxel clusters. These regions are listed in Table 3 (below).
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These regions were preselected by using those activated in speech task studies summarized by Fiez and Peterson (1998) and Indefrey and Levelt (2000) . A coarser level of categorization was used for the parietal and occipital lobes and cerebellum according to criteria used by Indefrey and Levelt. Their criteria identified subregions within these lobes that they found, via a meta-analysis, were associated with speech and language production.
Data analyses within this study were conducted in two independent ways in order to determine the robustness of the findings: (a) For each group, the total voxels per region (occurring in clusters of 15 or more) that correlated with stutter and/or syllable rate was calculated. This permitted comparisons within and between the groups for the number of correlated voxels per region. (b) For the stuttering speakers groups, the total voxels that correlated with stutter rate and not with syllable rate was determined within the regions identified in (a). The latter permitted comparisons between genders in regard to brain areas linked exclusively to stuttering.
Results

Speech Performance
Chorus reading was a very effective fluency-inducing procedure for the female stuttering speakers, although, as Table 1 shows (see the Stutters column), it was slightly less effective for the females than the males. (The male groups' data, previously reported in , are also included in Table 1 .) Stuttering was eliminated during all chorus-reading trials (three per participant) for 7 of the 10 females who stuttered-the other 3 produced at least 80% reduction in stuttering.
In addition, chorus reading produced equivalent mean syllable production rates in the stuttering and control groups. As expected, stuttered speech was judged relatively unnatural sounding, but the mean speech naturalness ratings during chorus reading were similar for the female and male stuttering speakers and controls, and within the range expected for normally fluent speakers (Ingham, 1988) . Table 1 shows the behavioral data for this study. The female stuttering group averaged 7.3 stuttered intervals (SD = 3.1) and 78 syllables (SD = 28.8) per 40-s scan in the Solo condition. In the Chorus condition, an average of 0.5 stuttered intervals occurred in the female stuttering group (SD = 0.8); the mean number of syllables spoken was 128 (SD = 11.6). For the female stuttering group, the difference in mean stuttering rate between the Solo and Chorus conditions was highly significant, t(28) = 6.21, p < .0001; the difference in mean syllable rate was also highly significant, t(28) = 5.18, p < .0001. Stuttering rate and syllable rate were inversely correlated only in the Solo condition (r = -.84, p < .005).
Female control participants did not stutter in either condition and spoke an average of 149 syllables (SD = 18.7) in the Solo condition and 128 syllables (SD = 12.5) in the Chorus condition. The difference in mean syllable rate between the Solo and Chorus conditions was also significantly different for the control group, t(28) = 4.16, p < .01. No difference in mean syllable rate was expected between stuttering speakers and controls during the Chorus condition because stuttering speakers' self-selected chorus reading stimulus tapes were each matched for speech rate across the two groups.
CBF Correlations
The voxel totals from both genders that were positively and negatively correlated with stutter and syllable rates for the stuttering speakers, and with syllable rate for the controls, are shown in bar graph form in Figure 1 .
The total voxels correlating positively and negatively with syllable rate and for stutter rate (stuttering speakers only) for each gender group were tested for gender differences using separate 2 × 2 chi-square tests. Significant gender differences were obtained for both the stuttering speakers' stutter rates, ! (1, N = 30656) = 3.99, p < .05. In total, the females produced 29.8% fewer positively correlated voxels and 15.7% fewer negatively correlated voxels than their male counterparts. This finding is consistent with previous findings regarding overall CBF activations in males and females during speaking tasks (e.g., Buckner et al., 1995) , although the differences favoring the males could be related to the age differences between the gender groups-a difference known to influence the number of neocortical neurons in the brain (Pakkenberg & Gundersen, 1997) .
Because the total number of significantly correlated voxels differed between the sexes, at least for the stuttering speakers, this difference confounded any direct Table 1 . Speech performance scores and ages for the female participants in the present study are shown (mean and range) along with parallel data for the male participants from Fox et al. (2000) . Note. "Stutters" indicates the mean number of 4-s epochs during the 40-s scanning period judged to contain stuttering (i.e., stutter rate). "Syllables" indicates the mean number of syllables uttered during the 40-s scanning period (i.e., syllable production rate). "Naturalness" indicates the mean speech naturalness scores, with a range of 1 (highly natural) to 9 (highly unnatural). For syllable and stutter scores, n = 30 for each condition (3 scan epochs per participant × 10 participants), giving a total of 90 scores (Solo, Chorus, and Rest) for syllables and for stutters for stutterers, and 90 scores for syllables for the controls. These 90-score sets were used as correlates to determine the PET blood flow for regional correlations with each speech variable (stutter rate and syllable production rate). Naturalness scores were not used as potential correlates for image analysis.
Stutters
comparisons between the sexes with respect to total correlated voxels in particular regions. Therefore, comparisons between the sexes' regional activations were made by estimating the similarity (or otherwise) of their distributions of positively and/or negatively correlated voxels across the 54 regions studied. This was accomplished by deriving correlation coefficients between the voxel totals across regions from both gender groups (stuttering speakers and controls) for syllable and stutter rate (for the stuttering speakers) (see Table 2 ). A significant and strong positive correlation between the total number of positively correlated voxels per region for syllable rate for both sexes would mean that the rate of syllable production by male and female speakers involved similar distributions of across-region neural activity. Conversely, nonsignificant correlations between the sexes for numbers of performance-correlated voxels across the regions would point to substantial differences between the distributions of regional activity by the male and female speakers. Table 2 confirms that there were strong positive correlations between the females and males in regions where voxel clusters occurred that were positively correlated with the rate of syllable production-for stuttering speakers, r(22) = .870, p < .01; for controls, r(19) = .805, p < .01-and negatively correlated with syllable rate-for stuttering speakers, r(36) = .665, p < .01; for controls, r(34) = .661, p < .01. The corresponding correlation coefficients for stutter rate were significant for the positively correlated voxels, r(16) = .558, p < .05, but not for the negatively correlated voxels, r(26) = .052, ns. In other words, the genders were not consistently similar with respect to the proportion of voxels per region that were negatively correlated with the rate of stuttering, but there were consistent similarities between the genders with respect to syllable rate. Table 2 also Figure 1 . The volume (in total voxels) of blood flow changes positively or negatively correlated with stutter and syllable rate in female and male stuttering speakers and controls. All positive voxel cluster correlates have a peak-voxel r " +0.3 and size " 15; negative correlates have a peak-voxel r # -0.3 and size " 15. Note. Table 2A shows between-gender correlations derived from the total number of significantly activated voxel clusters within each of 27 regions in the left and right hemisphere (*p < .05; **p < .01). Table 2B shows the within-gender correlations.
shows that the female stuttering speakers' and controls' syllable rates were significantly correlated-for positively correlated voxels, r(20) = .885, p < .01; for negatively correlated voxels, r(36) = .746, p < .01-across the 54 regions, and this was also true for the male stuttering speakers and controls. By contrast, although there was a strong relationship between regions that were positively related to stutter and syllable rate-for females, r(22) = .646, p < .01; for males, r(18) = .825, p < .01-this was not the case for regions that were negatively correlated with stutter and syllable rate-for females, r(39) = .150, ns; for males, r(28) = .009, ns. The total negatively correlated voxels were also significantly different for stutter and syllable rate for both genders: for females, t(40) = 4.150, p < .001; for males, t(29) = 4.221, p < .001. Consequently, the principal focus in the analysis of the findings in this article is directed mainly toward the stutter rate, rather than syllable rate results. However, syllable rate findings for the stuttering and control populations are shown graphically (see Figures 3A and 3B , below).
Analysis of Total PerformanceCorrelated Voxels per Region
Because each region contains a single count of the correlated voxels for each group, it was not possible to use within-region parametric comparisons to determine the statistical significance of any differences between the sexes for the magnitude of within-region correlated voxels. However, unambiguous differences are obvious when significantly correlated voxels occur within a region for one group but not for the other group. In this initial comparison, no attempt was made to identify voxels that were correlated with stutter rate and not with syllable rate. Indeed, we hypothesize (see the Discussion section) that when specific regions are correlated with both kinds of behaviors, then those particular regions may still be necessary for stuttering to occur. When specific regions were later identified as correlated with stutter rate but not with syllable rate (see the Logical Contrast Analysis of Stutter-Rate Voxel Correlations section), then we hypothesize that these regions are not only necessary but also sufficient for stuttering to occur-at least during oral reading.
Stutter-Rate Neural Correlates
The within-region local maxima coordinates for voxels that correlate with stutter rate are shown in Table 3 . In most regions the coordinates relate to one cluster, but in some larger regions, such as cerebellum, multiple clusters were located. Table 3 shows only the local maxima coordinates for the largest and most highly correlated voxel cluster. Table 3 is complemented by Figures 2A and 2B , which show, respectively, the total number of positively and negatively correlated voxels (including multiple foci) within each region for the female and male stuttering speakers.
Positive Correlations With Stutter Rate
Women and men both showed bilateral correlations in the medial occipital lobes and in medial cerebellum, plus the men had correlations in L lateral cerebellum as well. Neither showed any correlations with the parietal lobe or the temporal lobe. The sexes were partially alike with respect to correlations with supplementary motor area (SMA), primary motor cortex (M1) mouth area, and anterior insula, except the women showed bilateral correlations with M1 and anterior insula while the men were right-sided; the men only showed R BA 44 (ILPrM) correlations and bilateral correlations with SMA (the women showed only L SMA). An obvious source of the low between-gender correlations for stutter rate reported in Table 2 was the four areas in which only the females showed significant correlations: R SLPrM, L midcingulate, L occipital fusiform gyrus, and bilateral basal ganglia. Figure 2B shows that there were more areas that produced negative correlations than positive correlations with stuttering. Females and males were alike in that they both showed right-sided negative correlations with posterior cingulate and posterior parietal lobe and bilateral negative correlations with the superior temporal (BA 22) and middle temporal gyrus (BA 39). Neither gender produced any negative correlations in cerebellum. The genders were partially alike in that the females produced bilateral correlations and the men produced unilateral correlations in the inferior frontal lobe (men, left-sided), anterior cingulate (men, right-sided), and the middle temporal lobe BA 21 (men, right-sided). The reverse was true for prefrontal areas where the men showed bilateral negative correlations and the women's were right-sided. Three other areas produced negative correlations in both genders, although in the right hemisphere for the females and the left for males: parahippocampus, anterior parietal lobe, and the fusiform gyrus of the temporal lobe. In contrast, clearly differentiating between females and males were six regions of negative correlation displayed by females only (L superior lateral premotor cortex [SLPrM] and mostly left lateral occipital lobe, R midcingulate and R postcentral gyrus, and L basal ganglia and bilateral thalamus). The only area with negative correlations exclusive to males was BA 41, part of the group of negative correlations in the auditory complex that was common to both genders (see above). Figure 2B ). Voxels were located within 26 regions in the left hemisphere and 26 in the right hemisphere, with some regions containing both positively and negatively correlated voxels. All positive voxel cluster correlates have a peak-voxel r " +0.3 and size " 15; negative correlates have a peak-voxel r # -0.3 and size " 15. SMA = supplementary motor area; SLPrM = superior lateral premotor region; ILPrM = inferior lateral premotor region.
Negative Correlations With Stutter Rate
Of particular interest were regions that displayed only negatively correlated voxels (see Figure 2B compared to 2A). These occurred in the prefrontal lobe regions and bilaterally in inferior lateral premotor cortex (ILPrM; BA 44/6) for the females, and in both sexes the limbic, parietal, and temporal lobes were especially distinctive in this regard. With the exception of L midcingulate for the females, the activations in cingulate gyrus and parietal and temporal lobes were consistently negatively correlated with stutter rate.
Syllable-Rate Neural Correlates
It was concluded from the findings presented in Table  2 that syllable production in both sexes tended to activate and deactivate similar neural regions, including some that were positively correlated with stutter rate. In spite of high correlations, however, there were some regional differences between the genders that need to be highlighted. These and all positively and negatively correlated voxel volumes are shown within Figures 3A and 3B. The most obvious differences were in the occipital lobe and cerebellum.
Logical Contrast Analysis of Stutter-Rate Voxel Correlations
A further refinement of the data from this study was made by using image logical contrasts to identify voxels that were significantly correlated with stutter rate and not significantly correlated Figure 3A . Female and male participants' positively correlated voxel volumes for stutter rate and syllable rate in stuttering speakers and syllable rate in controls. For each lobe (plus the sublobar regions), the syllable-rate correlations for the controls are plotted as white bars, syllable-rate correlations in the stuttering speaker groups are plotted as striped bars, and exclusively stutter-rate correlations are plotted as solid bars (pink for females; blue for males). All positive voxel cluster correlates have a peak-voxel r " +0.3 and size " 15; negative correlates have a peak-voxel r # -0.3 and size " 15. SMA = supplementary motor area; SLPrM = superior lateral premotor region; ILPrM = inferior lateral premotor region; STG = superior temporal gyrus; MTG = middle temporal gyrus; TTG = transverse temporal gyrus. 266). The negatively correlated stutter rate voxels in the cerebrum for females and males both showed right laterality (for females, L = 722, R = 1171; for males, L = 350, R = 1136). The cerebellum contained no voxels that were negatively correlated with stutter-rate for either gender. These broad trends were reflected in the regional findings. Table 3 shows (in bold) the local maxima coordinates of the identified stutter-rate only voxel clustersthese are isolated in Table 4 . All Table 4 coordinates are also plotted within the BrainMap© database (Fox & Lancaster, 1996) and displayed in Figures 4A and 4B . Table 4 shows that stuttering, for both sexes, was associated with positive correlations in anterior insula and negative correlations in inferior frontal gyrus (GFi) and the auditory association area of the temporal lobe (BA 21 or 22). Anterior insula and BA 21 or 22 were bilateral in the females and right-lateralized in the malesonly the GFi negative correlates were left-lateralized in with syllable rate. In order to avoid identifying single stutter-rate-only voxels embedded within syllable-rate clusters, the identified voxels were those that were isolated from syllable-rate voxels by at least five cubic voxels. The clusters for stutter-rate-only voxels were much smaller than was the case for those that correlated with syllable-rate, and for that reason we used a cluster criterion of three or more voxels.
The findings from the logical contrast analysis were conditioned by some striking gender differences at a broad hemispheric level. The total voxels that were positively correlated for stutter rate in the cerebrum showed bilaterality in the female stuttering speakers (L = 1040; R = 1039), but strong right-sidedness in the male stuttering speakers (L = 681; R = 1428). That trend was reproduced appropriately in reverse within the cerebellum, where the female stuttering speakers remained essentially bilateral (L = 221; R = 260) and the male stuttering speakers showed left laterality (L = 552; R = Figure 3B . Female and male participants' negatively correlated voxel volumes for stutter rate and syllable rate in stuttering speakers and syllable rate in controls. See Figure 3A caption for details. Note. The local maxima coordinates are shown for voxel clusters of three or more that are isolated from syllable rate voxels by a 5 3 voxel kernel. These include the coordinates shown in bold type in Table 3 plus other significantly correlated voxel clusters within a region (inferior frontal gyrus [GFi] is added here because smaller voxel cluster criteria were used for Table 4 ). Arrows in Figure 4 also identify coordinates shown in bold for both sexes within an area. ILPrM = inferior lateral premotor region (left side = Broca's area). The dashes indicate that there is no significantly correlated voxel cluster in the homologous region within a gender. Figure 4B ). The data tabulated in Table 4 are plotted using the BrainMap database (Fox & Lancaster, 1996) . The arrows in the axial views of the figures point to local maxima coordinates for activations in the same region for both sexes. The Figure 4A arrows show coordinates from both sexes in right (R) anterior insula. The Figure 4B arrows show coordinates for both sexes in left inferior frontal gyrus (GFi) and in R Brodmann's area (BA) 21 or 22 (auditory association area).
both sexes. It is noteworthy that the three pairs of coordinates common to both genders (see arrows in Figure  4 ) occurred within areas that are functionally related to speech planning/production (anterior insula, auditory association area, and GFi). Table 4 and Figure 4 also show that there were within-area differences between the genders in the location of the paired local maxima coordinates and the number of stutter-related coordinates within these areas.
There were also distinct differences between the regional positive and negative correlates produced by the female and male stuttering speakers. The females displayed positive correlates in basal ganglia (R caudate, globus pallidus) and extensive negative correlates throughout the right hemisphere-in the prefrontal region (BA 9) and in the limbic (BA 24 and 36), parietal (BA 7), and temporal (fusiform gyrus) lobes. Intriguingly, the female stuttering speakers showed strong negative correlations in the L occipital lobe (BA 19), whereas the male stuttering speakers displayed positive correlations in the L occipital lobe (BA 18). Particular to the male stuttering speakers were positive correlations in R medial cerebellum and additional negative correlations in the primary auditory area (R transverse gyrus or BA 41).
In the present study, cerebellum discriminated between female and male stuttering speakers but was not clearly distinctive for stuttering (see Figures 3A and 3B) . The original data on male stuttering speakers and controls (see Figures 3A and 3B and Fox et al., 2000) suggested that hyperactivity within cerebellum correlated with syllable production and stutter rate and was, therefore, an essential feature of stuttering. However, the female stuttering speakers' data showed much less cerebellum activity when compared to controls for syllable rate and less than the males for stutter rate. It may be that high levels of cerebellum activity are gender related rather than stuttering related. Fox et al. (2000) interpreted their performance correlation findings in terms of state, trait, and compensatory effects of stuttering. The findings from that study were derived from performance correlated, voxel-based blood flow that was positively or negatively correlated with syllable rate and/or stutter rate. The same simple rule that Fox et al. used to categorize their findings into normal, state, trait, and compensatory effects of stuttering was used with the current data. In the controls, all effects were considered normal effects, by definition. The stutter-rate correlates that differed substantially from the syllable correlates in the controls were considered state effects of stuttering. In the stuttering group, regional syllable-rate effects that resembled in voxel magnitude the controls' correlates were considered normal. Other syllable-rate effects in the stuttering group were classified as trait or compensatory. Trait effects were those that were intermediate in magnitude, that is, between state effects and normal effects. Compensatory effects were those whose pattern was specific to the production of essentially nonstuttered syllables by the stuttering group, that is, responses present only insofar as the stuttering group spoke syllables fluently. The results from both genders, shown in Table 5 , highlight the state effect gender commonalities in the frontal lobe (M1-mouth and SMA), in L anterior insula, and in R A2 (BA 21/22). Compensatory effects showed possible gender commonalities in L M1-mouth and, more decisively, in the primary auditory area (A1). The additional analysis of the stutter-specific regions (see Table 4 ) appears to have refined the state effect commonalities to three regions: R anterior insula, R BA 21/22, and an area within L GFi. Arguably, L GFi, which is negatively correlated with stutter rate, is a state effect that was not found by using the preceding system for identifying state-traitcompensatory effects.
Discussion
The present study and its companion study offer added support to the suggestion that developmental stuttering is functionally related to abnormalities within the speech planning/production and auditory systems during speech. The principal findings have now been replicated in a different population using an identical methodology. The specific region that emerged as aberrantly activated during stuttering-and common to both genders-was R anterior insula (speech planning), while R BA 21/22 (auditory processing and/ or monitoring of speech) and L GFi (near to regions associated with articulatory movement planning) were aberrantly deactivated, the latter evolving in this study from the more refined logical contrast analysis. And because the logical contrast showed that these regions were associated with stuttering, and not with syllable production, there is an additional reason why they might be fundamentally related to the occurrence of stuttering. Interestingly, two of these areas (R anterior insula, R BA 21/22) were significantly correlated with the rate of stuttering unilaterally in males and bilaterally in females. It is also noteworthy that essentially these same regional abnormalities appear to be present when stuttering speakers imagine stuttering. Ingham, Fox, Ingham, and Zamarripa (2000) showed that most of these same regions were significantly activated or deactivated even when stuttering speakers imagined they were reading aloud and stuttering-and tended to normalize when these individuals imagined reading fluently. Thus, it would seem possible that a circuit involving these regions is essentially "primed" for stuttering to occur prior to the execution of the move-ments of speech production. The overall findings continue to support a blending of two broad theories of stuttering: theories that emphasize abnormalities in speechmotor regions (e.g., Webster, 1993) , especially in the nondominant (right) cerebral hemisphere (Travis, 1978) , and theories that focus on the auditory system (e.g., Stromsta, 1986; Yates, 1963) .
Some issues that might compromise the reported comparison between the male and female stuttering speakers are some potentially important differences between them (see Table 1 ). The most obvious differences were in average age (females = 44 years; males = 32 years) and chorus reading effects (only 7 of 10 females were completely stutter-free during chorus reading). The mean oral reading stuttering frequency difference between the genders (females = 7.3 stuttered intervals; males = 6.2 stuttered intervals) was not significant, t(28) = 1.313, ns, although differences in speech rate during stuttered readings (males = 113 syllables; females = 78 syllables) were significant, t(28) = 2.863, p < .01. Conceivably, some or all these variables could have accounted for the obtained neurophysiologic gender differences. However, if persistent stuttering in adults implicates specific regions (or, more likely, regional interactions), then it seems unlikely that their functionality would change markedly between the ages of 32 and 44 years. Indeed, the differences between these populations (sex, age, speaking rate, and chorus reading response) actually strengthen the importance of the regions that were associated only with stutter rate and were common to both sexes.
Gender and Neural Region Differences
The present findings for females and males all involve regions that have been generally reported to be associated with oral reading tasks during PET studies )-albeit in studies using singleword utterances. Not a great deal is known about regions specifically engaged during continuous oral reading, although some information can be gleaned from studies that have investigated sentence generation during PET. Müller et al. (1997) , for example, found that L BA 46 displayed strong activations during sentence generation. However, in the present study neither Broca's area nor R BA 46 showed positive syllable correlations in stuttering speakers or controls. This is consistent with two recent studies (Murphy et al., 1997; Wise, Greene, Buchel, & Scott, 1999 ) that also failed to obtain significant activation in BA 44/45 during speaking tasks with normal speakers. It is noteworthy that there is considerable agreement between the areas identified in other PET studies involving speaking tasks and the areas that consistently correlated with syllable production among the male and female controls and stuttering speakers (see Indefrey & Levelt, 2000) . By contrast, much less agreement exists between the areas in the male and female stuttering speakers that were consistently correlated with stuttering and areas that are normally associated with speech production.
Anterior insula, so prominently associated with stuttering in the present study, has been implicated in 
M1-mouth
Note. "Side" indicates hemisphere: R = right; L = left; B = bilateral. "Sign" indicates positive or negative correlates of stuttering. "State", "Trait", and "Compensatory" ("Comp.") are physiological classifications, as explained in the text. = an area's response was interpreted as fitting the physiological category; -= an area's response was not so interpreted; ? = an area's response categorization was equivocal; * = an area's response was common to both genders. The areas have been slightly expanded on those previously reported by Fox et al. (2000) . SMA = supplementary motor area; ILPrM = inferior lateral premotor region; A1 = primary auditory area (BA 41); A2 = auditory association area (BA 21/22); CBM = cerebellum.
motor programming by several studies, including studies of speech planning/production (Dronkers, 1996; Paulesu, Frith, & Frackowiak, 1993; Raichle et al., 1994) . Dronkers reported that lesions in L anterior insula (identified by CT or MRI) were consistent across a group that had been diagnosed as displaying apraxia of speech, a speech disorder characterized by deficient speech-motor planning (Wertz, Lapointe, & Rosenbek, 1991) . R anterior insula has been shown to be activated during difficult speaking tasks, such as translating (Price, Green, & von Studnitz, 1999) , and also during swallowing (Zald & Pardo, 1999) . Equally interesting is evidence that R and L anterior insula activations have been found to correlate with tic frequency in patients with Tourette's syndrome (Stern et al., 2000) , a disorder that shares many features in common with stuttering (Abwender et al., 1998) , including genetic associations (Comings & Comings, 1994) .
The pattern of negatively correlated voxels within the temporal lobe was clearly different according to the group (stuttering speakers or controls) and speech index (syllable rate or stutter rate). This finding suggests that stuttering speakers have a diminished capacity for auditory monitoring during speech-a conclusion consistent with reports of diminished auditory processing in stuttering speakers (Braun et al., 1997; Rosenfield & Jerger, 1984; Salmelin et al., 1998; Stromsta, 1972) . It is of interest that Zatorre, Meyer, Gjedde, and Evans (1996) review of PET studies on speech processing concluded that BA 21/22 shows CBF decreases during passive listening tasks and increases during speech tasks. This is consistent with the present findings showing positive correlations between BA 21/22 and syllable rates for both genders in both speaker groups, and it also underscores the abnormality of the negative correlates of stuttering with R BA 21/22. 2 Finally, a recent fMRI study by Belin, Zatorre, Lafaille, Ahad, and Pike (2000) provided compelling information on the importance of this finding. They identified areas on the R superior temporal gyrus (STG) that were sensitive to the human voice; the coordinates for one of the most consistently activated regions were very similar to the coordinates for the region that was found to be negatively correlated with stuttering in both genders in the present study.
Given that females may differ from males in the pattern of neural regions used during speech (Jaeger et al., 1998; Shaywitz et al., 1995) , the gender differences in the present study are not surprising. Syllable-rate production in the male stuttering speakers appeared to be more right-sided, whereas in females who stutter it involved more bilateral positive correlations. Perhaps the most substantial difference was basal ganglia. Positive stutter-rate correlations with basal ganglia that occurred only among female stuttering speakers may relate to their relatively large area of stutter-rate frontal lobe correlations (SMA and M1). Strong interactions have been reported between basal ganglia and SMA/M1 during different motor activities, including hand movement (Boeker et al., 1998) . Because the female stuttering speakers and not the controls showed positive syllable-rate correlations with basal ganglia and with SMA and M1, perhaps an interrelationship between these regions provides a compensatory system that aids the production of fluent speech during chorus reading-or any other fluencyinducing condition (Wildgruber, Ackermann, & Grodd, 2001) . The very prominent cerebellum syllable-production correlates that were identified in male stuttering speakers may also be gender-related because they were not found among the female stuttering speakers.
Findings in Relation to Other Brain Imaging Studies
Other brain imaging studies of stuttering have yielded findings that are relevant to those reported in this article (Braun et al., 1997; De Nil et al., 2000; Salmelin et al., 1998; Salmelin, Schnitzler, Schmitz, & Freund, 2000; Wu et al., 1995) , although the task and methodological differences among the studies complicate direct comparisons (Ingham, 2001) . The most pertinent of these studies was reported by Braun et al. In this mixed-gender PET study, right-handed adult stuttering speakers (n = 18; 8 females) and controls (n = 20; 8 females) completed a hierarchy of speaking tasks; two were designed to reduce or eliminate stuttering and the others were nonlinguistic oral-motor tasks. In general, the stuttering speakers showed either bilateral or right-lateralized activations. Comparisons between their fluent and dysfluent tasks suggested that during stuttering the speech-motor regions were disproportionately active in the right hemisphere, whereas the postrolandic regions (including the auditory areas) were relatively inactive. This study also involved a performance correlation analysis using weighted measures of "dysfluency," but there were few similarities between regions that were strongly correlated with stuttering and those reported in the present study. The main exception was that BA 22 was negatively correlated, as it was in the present study. Braun et al. also obtained reduced activations (relative to rest) when their stuttering speakers made laryngeal and oral movements that were related to speech, which points to an unusual interaction between stuttering speakers' speech-motor behavior in general and the A2 region. The differences between the Braun et al. study and the present study might help to explain the limited overlap in findings. There was no separation of CBF correlations with nonstuttered syllables spoken and with stuttering, which may partly explain why there were few resemblances between Braun et al.'s correlation data and the correlation data obtained in the present study. Braun et al. also used a complex mixture of speech tasks to evoke and reduce stuttering. The task requirements in the fluency-inducing tasks were considerably different from the stuttering tasks (rate differences, rehearsed vs. unrehearsed speech), but no behavioral data were reported, so it is not possible to learn the effect of the tasks on stuttering or speech rate. And finally, the mixed-gender population might have created an additional confound.
De Nil et al. (2000) included 10 right-handed male stuttering speakers and 10 age-matched controls who completed silent and oral readings from a series of separately presented single words (fixation on an X served as a rest control). Only conditional contrasts and activation data were reported. Some important similarities and differences with the findings of the present study were reported. In contrast to the controls, during oral reading the stuttering speakers displayed large activations in right insula that extended into the right precentral and inferior lateral premotor cortex. Despite the absence of deactivation data, a direct comparison between the controls and stuttering speakers did reveal that L STG was significantly less activated in the latter group. De Nil et al. also obtained significant activations in anterior cingulate cortex (ACC), whereas the present study found extensive negative correlations with stuttering in ACC. It is not clear why, although the use of relatively unfamiliar word lists may have some connection with a novel task condition that Raichle et al. (1994) found prompted ACC activations. Nevertheless, if, as in the present study, ACC is not activated during stuttering, then it is probably not necessary for stuttering to occur.
The only other PET study on stuttering was reported by Wu et al. (1995) on a mixed-gender population of 4 right-handed stuttering speakers (1 female) and 4 controls (1 female). In this F-18 fluoro-deoxyglucose (FDG) PET study, chorus reading and solo reading conditions were used, but no rest condition was used and scanning was not extended to include all premotor regions. Strong caudate activations were identified as consistently common to the stuttering speakers only, but the study's design limitations severely restrict comparisons with findings from other PET studies on stuttering. Two magnetoencephalography (MEG) studies by colleagues (1998, 2000) have yielded findings that partially complement those derived from the PET studies. Salmelin et al. (1998) first located unusual temporal lobe processing among stuttering speakers that is reasonably consistent with the deactivations reported in the San Antonio studies Ingham et al., 2000) and Braun et al. (1997) , plus the present study. More recently, Salmelin et al. (2000) reported finding an unusual neural processing sequence among stuttering speakers during (nonstuttered) word production: among controls the utterance was first processed in Broca's area (where articulatory planning is presumed to occur) and then in the lateral central sulcus and premotor area (where motor preparation occurs); among stuttering speakers (n = 9; 2 females) this sequence was reversed with premotor and motor processing occurring before articulatory planning. Salmelin et al. used only nonstuttered words, but the findings may be consistent with PET findings of negatively correlated voxels in the stuttering speakers' Broca's area or GFi during stuttered speech. Unfortunately, MEG only records near to the surface of the brain (12 mm below the skull in Salmelin et al.) , so any involvement of deeper cortical regions in this process (e.g., anterior insula and ACC) cannot be identified.
An important issue that arises from the female and male studies reported here is whether the apparent reciprocal relationships among the regions associated with stuttering, the seemingly "key regions" of R anterior insula, L GFi, and R BA 21/22, is unique to developmental stuttering and, if so, what implications this has for future research. These are considered key regions because, as mentioned above, they were the only areas that correlated with stutter rate alone, in both genders. It is not possible at present to fully resolve the uniqueness issue because so few imaging studies have used connected speech tasks. There are known interconnections among these regions (Mesulam & Mufson, 1985) , which does make this interaction feasible. That is more manifest in Griffiths, Bench, and Frackowiak's (1994) finding that when participants were attending to a moving sound stimulus, there was increased CBF in right insula. Conceivably, therefore, anterior insula and the temporal lobe may work in concert to achieve induced fluency, but that is still only partially relevant to the interaction pattern that occurred during stuttering. In fact, an extensive search of imaging reports reveals no study to date on patient or nonpatient populations that has recorded such a reciprocal relationship between these two regions during speech.
An additional important consideration is the relationship between neurophysiologic findings and those reported in two recent neuroanatomic studies of stuttering. Foundas et al. (2001) reported finding differences between adult stuttering speakers (n = 15; 5 females) and controls (matched for sex, age, and handedness) using 3-D MRI, particularly within the perisylvian fissure. The most prominent were "a second diagonal sulcus and extra gyri along the superior bank of the sylvian fossa" (Foundas et al., 2001, p. 207 ) that were unique to the stuttering speakers. It was also reported that the stuttering speakers' planum temporales were enlarged and showed reduced interhemispheric asymmetry. Sommer et al. (2002) used diffusion tensor imaging to compare stuttering speakers and matched controls and found that they "differed significantly immediately below the laryngeal and tongue representation in the left sensorimotor cortex" (p. 380). This region, they determined, was consistent with that reported by Foundas et al.
In the present study, abnormal CBF negatively correlated voxels were identified in a region (L GFi) that is reasonably proximate to the anatomic areas identified by Foundas et al. (2001) and Sommer et al. (2002) . Presumably, the other abnormal regions identified in the current study would constitute the extended effects of this structural problem on other speech-related regions. Of course it is yet to be established that such structural abnormalities also occur in fully recovered stuttering speakers. If they are not present in this population, then their absence needs to be explained. Such explanations may also differ according to the population's age of recovery. If they are present, then it will be important to identify the compensatory neural changes that must occur in order to support recovery.
Implications
The important issue that emerges from these findings is that replicating the Fox et al. (2000) study with females has contributed converging information on the regions that functionally control stuttering, and that there may be functional regions that differ between the sexes. We postulate that abnormally activated R anterior insula and an abnormally deactivated area within L GFi and R BA 21/22 constitute the common "state effects" and an interactive system sufficient for stuttering to occur. There also appear to be some gender-specific state effects, mainly within the frontal lobe and cerebellum for males and in basal ganglia for females. The effects we describe as "compensatory" (excessive activation or deactivation during syllable production) were common to both genders in L M1 mouth and A1 and showed gender differences in frontal lobe and cerebellum for males and in the sensorimotor area for females.
The findings also suggest that for stuttering to occur within each gender then it is necessary for certain neural regions to be activated or deactivated during speech. Given that developmental stuttering is a genetically based disorder, these gender-specific regional abnormalities may emerge as the epigenetic features of the disorder. In other words, the genetic expression of the disorder may be modulated by a gene function that has been selectively activated or inactivated according to the individual's sex. Thus, the phenotypic differences that have been observed (sex ratio, different early rates of recovery) may derive from epigenetic neurophysiologic or neuroanatomic features.
As was previously mentioned, this is the first imaging study of stuttering that has focused on females who stutter, and the findings point to the need for further gender-oriented investigations. One interesting possibility is that these neurophysiologic differences have a structural basis. The previously mentioned neuroanatomic investigations of developmental stuttering have actually included a small number of female stuttering speakers (3 of 16 in Foundas et al., 2001; 5 of 15 in Sommers et al., 2002) , but no attempt was made within either study to parse out the findings for each sex. It should be obvious that a neuroanatomic investigation of the differences, if any, that occur between a population of males with persistent stuttering and a population of female stuttering speakers could make an important contribution to the growing understanding of the neurologic foundations of this disorder. That contribution will likely be even greater when this research is extended to those who have recovered from this disorder.
